The commitment of mammalian cells in late G 1 to replicate the genome and divide in response to mitogenic growth factors operating via tyrosine kinase receptors depends on phosphorylation of the retinoblastoma protein (pRb), a process controlled by cyclin D-associated cyclin-dependent kinases (cdks) and their inhibitors. This study addressed the issue of whether also other mitogenic signalling cascades require activation of cyclin D-associated kinases or whether any mitogenic pathway can bypass the cyclin D-pRb checkpoint. We show that mitogenic signal transduction pathways from three classes of receptors, the membrane tyrosine kinase receptors activated by serum mitogens or epidermal growth factor, estrogen receptors triggered by estradiol, and the cyclic AMP-dependent signalling from G-protein-coupled thyrotropin receptors, all converge and strictly require the cyclin D-cdk activity to induce S phase in human MCF-7 cells and/or primary dog thyrocytes. Combined microinjection and biochemical approaches showed that whereas these three mitogenic cascades are sensitive to the p16 inhibitor of cdk4/6 and/or cyclin D1-neutralizing antibody and able to induce pRb kinase activity, their upstream biochemical routes are distinct as demonstrated by their differential sensitivity to lovastatin and requirements for mitogen-activated protein kinases whose sustained activation is seen only in the growth factor-dependent pathway. Taken together, these results support the candidacy of the cyclin D-cdk-pRb interplay for the convergence step of multiple signalling cascades and a mechanism contributing to the restriction point switch.
The fundamental decision of mammalian cells as to whether to replicate their DNA and divide or to withdraw from the cell cycle with an unduplicated genome takes place in mid-to late G 1 phase. This critical G 1 checkpoint, often referred to as the restriction (R) point (51) , operationally separates the cell cycle into an initial mitogen-dependent period and a largely cellautonomous, growth factor-independent period from the commitment to enter S phase until cell division (4, 51, 62, 63, 66, 73) . The commitment process at the G 1 checkpoint reflects complex integration of a plethora of positive and negative extracellular and intracellular signals transduced by multiple cascades into the cell nucleus (19, 21, 41, 61) . As these signal transduction pathways must ultimately pass their stimuli on the cell cycle machinery itself, understanding the molecular basis of the link between the upstream signalling circuitry and the cell cycle clock is of immense interest for biomedicine (4, 18, 61, 63) . The significance of elucidating the regulation at the R point is further underlined by its involvement in biological processes as diverse as cell proliferation, temporary cell cycle arrest to allow for DNA repair, quiescence state in response to growth factor deprivation, terminal differentiation, senescence, or cell death (4, 18, 51, 63, 66, 67) . In addition, any malfunction of the G 1 checkpoint may result in unrestricted cell proliferation and/or genetic instability, possibly leading to development of cancer or other diseases (4, 17, 18, 23, 51, 63, 66) .
Although the precise biochemical nature of the commitment transition remains to be clarified, recent discoveries of the mammalian G 1 cyclins, their partner kinases, inhibitors, and candidate substrate(s) offer a plausible scenario for the restriction point control. The decision to proceed beyond the late G 1 appears to be executed by phosphorylating and thereby inactivating the product of the retinoblastoma gene (pRb), whose growth-restraining role in early to mid-G1 reflects its ability to sequester a series of transcription factors the activities of which are required to induce expression of S-phase genes (4, 16, 50, 66) . The critical phosphorylation of pRb in mid to late G1 is most likely carried out by the D-type cyclins (cyclins D1, D2, and/or D3) and their partner cyclin-dependent kinases (cdks) cdk4 and cdk6 (4, 6, 34, 42, 46, 56, 62, 63, 66) . The D-type cyclins are induced as part of the delayed early response to mitogenic stimulation by growth factors, form active holoenzymes with cdk4 or cdk6 by mid-G 1 , are able to bind directly to pRb via their N-terminal L-X-C-X-E motifs, have a substrate preference for pRb over histone H1, and phosphorylate pRb in vitro on residues which are physiologically phosphorylated in G 1 in vivo (4, 60, 62, 66) . Consistent with a major role in positive regulation of G 1 progression, the D-type cyclins are required for S-phase entry, and their overexpression accelerates G 1 and reduces dependency on exogenous growth factors (3, 4, 5, 35, 36, 37, 49, 54, 55) . In addition, the inhibition of cyclin D1 or cdk4/6 by neutralizing antibodies or overexpression of p16
INK4a , a cdk inhibitor specific for cdk4 and cdk6 (59) , prevents progression into S phase only in cells harboring functional pRb, suggesting that pRb is the major substrate of cyclin D-dependent kinases (28, 34, 36, 38, 44, 64) . Although cyclin E is also rate limiting for G 1 progression and may contribute to phosphorylation of pRb, its peak abundance and associated cdk2 kinase activity are delayed relative to D cyclins and it appears to function at the G 1 /S transition by phosphorylating some so far unknown substrate(s) other than pRb (22, 46, 53, 56, 62) . These data point to cyclin D-associated kinases and their pRb substrate as the most plausible candidates for controlling the critical mammalian checkpoint in advanced G 1 , a notion further supported by frequent oncogenic aberrations of individual components of this pathway (4, 17, 18, 23, 26, 33, 50, 63, 66) .
One important prediction from the candidacy of the cyclin D-pRb interplay for the R-point switch is that it would be targeted by multiple mitogenic signalling cascades, including those transduced from non-tyrosine kinase receptors, for which an essential role of cyclin D-cdks in commitment to DNA synthesis has not been demonstrated so far. This issue clearly merits experimental clarification, since the pRb-dependent checkpoint is apparently not required for the early mammalian embryonic cell cycles (8, 24, 31) , and it remains to be seen whether any of the mitogenic signalling cascades which normally control proliferation of pRb-positive cells could stimulate entry into S phase through a mechanism bypassing the requirement for pRb phosphorylation by cyclin D-dependent kinases. On the other hand, if all major mitogenic pathways require passage through the cyclin D-pRb switch, an important task would be to pinpoint the level(s) at which the diverse cascades converge to trigger the activity of cyclin D-dependent kinases and pRb phosphorylation. We have addressed some of these issues experimentally and demonstrate here that (i) the mitogenic stimuli from three distinct signalling cascades, namely, those activated by growth factors via tyrosine kinase receptors, by estradiol via estrogen receptors, and by cyclic Amp (cAMP)-elevating agents via G-protein-coupled thyrotropin receptors, all converge and strictly require the cyclin D-cdk activity to promote S-phase onset; and (ii) the upstream biochemical modes (including the requirement for mitogenactivated protein kinase [MAPK] activity) of the cyclin D-cdk holoenzyme activation differ significantly among the three mitogenic cascades examined, suggesting that these pathways converge downstream of the MAPK-dependent step.
MATERIALS AND METHODS
Cell culture and synchronization. Human breast cancer cell lines MCF-7, BT-549, and T-47D and the canine MDCK cell line were cultured in Dulbecco's modified Eagle's medium supplemented with 5 or 10% fetal calf serum, 2 mM glutamine, penicillin (10 U/ml), and streptomycin (10 U/ml). The T-47D cell line with zinc-inducible cyclin D1 expression (49) was a kind gift of Elizabeth Musgrove. Primary dog thyroid epithelium was isolated and cultured exactly as reported by Lamy et al. (29) , and cells synchronized by growth factor starvation were stimulated by either thyroid-stimulating hormone (TSH; 1 mU/ml; Sigma), forskolin (20 M; Sigma), epidermal growth factor (EGF; 100 ng/ml; Sigma), or a combination of TSH or forskolin with EGF (29) . The experiments with MCF-7 cells were initiated by 3-day culture in phenol red-free medium with 5% charcoal-stripped fetal calf serum, followed by addition of lovastatin (20 M; a kind gift from Merck, Sharp & Dohme Laboratories) for 30 to 36 h (27) and subsequent stimulation with either removal of lovastatin and addition of mevalonate (2 mM; Sigma) plus serum or mevalonate plus EGF (5 ng/ml) and insulin (100 ng/ml; Sigma) or stimulation with 17␤-estradiol (E2; 50 nM; Sigma) in the presence of fresh lovastatin (see also reference 7). The steroidal antiestrogen ICI 182,780, used at 5 M in some control experiments, was kindly provided by Anne Lykkesfeldt.
Antibodies and plasmids. Mouse monoclonal antibodies DCS-6, DCS-11 (34, 37) , and 5D4 (donated by M. Sato) to cyclin D1, monoclonal antibody 245 to pRb (donated by W.-H. Lee), and DCS-50 to p16 (38) were used as hybridoma tissue culture supernatants or immunoglobulin G (IgG) affinity purified on protein A. Rabbit antisera to cdk4 (C-22), ERK-1 (C-16), and ERK-2 (C-14) kinases were purchased from Santa Cruz, and the mouse antibody against the CD20 membrane marker was from Becton Dickinson. The p16 wild-type cDNA in pGEX-2TK (Pharmacia) was used in Escherichia coli BL21(DE3)pLysS to express the glutathione S-transferase (GST)-p16 fusion protein and as pX-myc/p16 vector in mammalian cells (38) . The expression plasmids pCMV-CD20 and pEXV3 with either wild-type or dominant-negative (S221A) mutant MAPKK were donated by Kristian Helin and Chris Marshall, respectively.
Cell cycle analyses. Progression of cells through the cell cycle was monitored either by flow cytometry analysis of DNA content of cell populations stained with propidium iodide (35) or by immunofluorescence detection of bromodeoxyuridine (BrdU) incorporation in cells cultured and fixed in situ (38) at various time points as indicated in the text. The BrdU labeling period covered entire duration of the experiments with human T-47D cells; the drug was added to the medium immediately after microinjections into MCF-7 or the dog thyroid cells and therefore was present for at least the last 24 h before evaluation.
Immunochemical analyses. Extraction of native proteins from exponential cell cultures, estimation of protein concentration, and immunoprecipitation protocols were described previously (34, 37) . For cdk4-p16 complex formation in vitro, cell lysates (1 mg) were incubated with soluble GST-p16 fusion protein (1 g) for 1 h on ice, followed by collection of the formed complexes on glutathioneSepharose 4B (Pharmacia) and immunoblot analysis with antiserum to cdk4. Equal amounts of extracted or immunoprecipitated proteins were electrophoretically separated on 12% polyacrylamide gels in the presence of sodium dodecyl sulfate (SDS) and blotted onto nitrocellulose by a semidry method, and immunodetection was performed with appropriate primary antibodies and an enhanced chemiluminescence system (Amersham, Aylesbury, England) according to the manufacturer's instructions. Immunofluorescence detection of either BrdU incorporation or expression of cellular or microinjected proteins was performed as described previously (36) , using a combination of Texas redconjugated and fluorescein isothiocyanate-conjugated secondary reagents and Hoechst to counterstain DNA.
Gene and protein microinjection. Cells synchronized with lovastatin (MCF-7) or by growth factor starvation (primary dog thyrocytes) were microinjected with either the affinity-purified GST-p16 wild-type fusion protein (2 mg/ml), affinitypurified monoclonal antibody DCS-6 to cyclin D1 (6 mg/ml), or control mouse immunoglobulin as described previously (38) , using a Zeiss AIS microinjection apparatus. Coinjections of p16 (25 g/ml) and CD20 (5 g/ml) expression plasmid DNA into synchronized cells were done as described previously (39) . Cell cycle progression of the stimulated cells was evaluated by combined in situ double-immunofluorescence analysis of BrdU incorporation and p16, CD20, or immunoglobulin contents as described previously (34, 38, 39) . Each experiment was performed two to four times to verify reproducibility.
Kinase assays. MAPK activity was measured in vitro after immunoprecipitation of p42 ERK-1 (antibody C-14; Santa Cruz) and p44 ERK-1 (antibody C-16; Santa Cruz), using myelin basic protein (MBP; Sigma) as a substrate. Cells were lysed on ice in lysis buffer containing 20 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES; pH 8.0), 150 mM NaCl, 0.5% Nonidet P-40, 5 mM EDTA, 1 mM dithiothreitol, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 5 g of leupeptin per ml, and 2 g of aprotinin per ml, and the protein extracts were clarified by centrifugation. For each immunoprecipitation, 100 g of total protein was incubated for 1 h at 4ЊC with 10 l of protein A beads (Pharmacia) saturated with anti-ERK or control rabbit preimmune immunoglobulins. After extensive washing in lysis buffer, the beads were assayed for 15 min at 30ЊC in 30 l of kinase assay buffer (20 (42) was measured essentially as described previously (34) except for the concentration of the nonlabeled ATP, which was increased to 50 M in this study. Kinase reactions were analyzed by SDS-polyacrylamide gel electrophoresis and quantitated by a PhosphorImager (Molecular Dynamics).
RESULTS

Estrogen-induced and growth factor-induced mitogenesis in MCF-7 cells requires functional cyclin D-dependent kinases.
To examine whether the cyclin D-dependent kinase activity is essential for estrogen-induced commitment to enter S phase, we used the human estrogen-responsive MCF-7 breast cancer cell line synchronized in early G 1 by lovastatin (7, 27) , an inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase; EC 1.1.1.88), whose activity in the cholesterol biosynthesis pathway converts HMG-CoA to mevalonate (40) . The G 1 -inhibitory effect of lovastatin is not fully understood but appears to be caused, at least in part, by preventing isoprenylation, a modification required for membrane anchorage and function, of a set of signal transduction mediators including p21 ras and related G proteins such as Rho (11, 20, 25, 30, 40) . In contrast to its proliferation-inhibitory properties on cells growing in response to serum or polypeptide growth factors (11, 25, 27, 40) , lovastatin and simvastatin (another inhibitor of HMG-CoA reductase) have recently been shown to be without detectable effect on cell cycle progression of MCF-7 cells mitogenically stimulated by E2 (7), thus opening the way to study the latter under conditions of a selective blockade of the former pathway. We have previously shown that MCF-7 cells stimulated by serum growth factors require functional cyclin D1 to pass the G 1 checkpoint (5, 36) and that the D-type cyclins and their partner kinases operate upstream of pRb within the same G 1 -regulatory pathway, most likely by directly phosphorylating pRb in mid to late G 1 (34, 36, 38) . In this study, subconfluent MCF-7 cells were synchronized in early G 1 by 35-h exposure to 20 M lovastatin under estrogenfree conditions (see Materials and Methods), followed by one of the three mitogenic protocols: (i) stimulation with E2 in the presence of fresh lovastatin, (ii) removal of lovastatin and addition of fresh medium supplemented with serum and mevalonate, or (iii) removal of lovastatin and addition of serumfree medium supplemented with mevalonate, EGF, and insulin. While the lovastatin treatment virtually eliminated the S-phase fraction and blocked over 90% of MCF-7 cells in G 1 , each of the three mitogenic protocols resulted in stimulation of cell cycle progression, with the cells entering S phase between 12 and 24 h after stimulation. The E2-stimulated cells progressed through G 1 moderately faster, reflected by an approximately 4-h acceleration of S-phase onset compared with either the EGF-or serum-stimulated counterpart cell populations (references 7 and 27 and our unpublished data). Parallel control experiments showed that the proliferation-stimulatory effect of serum or EGF with mevalonate could be totally prevented by continuous exposure to 20 M lovastatin, whereas E2 stimulation was abolished by addition of the steroidal antiestrogen ICI 182, 780 (5 M), thereby confirming the specificity of the mitogenic effects (our unpublished data and reference 7).
To examine the requirements for the cyclin D-cdk function, MCF-7 cells stimulated by each of the three protocols were microinjected in early G 1 , within 2 to 4 h poststimulation, with either the cyclin D1-neutralizing monoclonal antibody DCS-6 (34, 37) or the GST-p16 fusion protein known to inhibit cyclin D-associated cdk4 or cdk6 (28, 33, 38, 52, 59) , and the effects of these treatments upon G 1 /S progression were evaluated against the control microinjections of nonspecific immunoglobulin and/or comparison with noninjected cells (Fig. 1a to f  and 2) . In a complementary set of experiments, MCF-7 cells were microinjected, at the time of stimulation, with an expression plasmid encoding wild-type human p16, and the effects were compared with those of control DNA (Fig. 1g and h and  2 ). Monitoring S-phase entry by in situ immunofluorescence analysis of BrdU incorporation (38) showed that MCF-7 cells mitogenically stimulated by any of the three growth-promoting protocols were inhibited in G 1 either by neutralization of cyclin D1 or via excess p16 (both in the form of the GST-p16 fusion protein or when expressed from the microinjected plasmid) ( Fig. 1 and 2 ). In conclusion, these results demonstrate that the activity of cyclin D-associated cdks is essential for progression through G 1 in MCF-7 cells, whose proliferation is driven either by polypeptide growth factors acting via the respective membrane tyrosine kinase receptors or by estradiol acting via the nuclear estrogen receptors.
Distinct requirements for MAPK activation and induction of cyclin D/cdk as pRb kinase by different mitogens. The microinjection experiments performed with MCF-7 cells stimulated to proliferate by different mitogens showed that the activity of cyclin D-associated cdks is required for S-phase entry in either pathway, but this approach could not reveal the dynamics or biochemical basis of the cyclin D-cdk activation by the distinct signalling cascades. Since the critical biochemical parameter of the cyclin D-cdk function is its kinase activity, we examined the dynamics of the cyclin D1-associated pRb kinase activity after mitogenic stimulation of MCF-7 cells by either E2 or EGF. A preliminary assessment of the specificity of the three mouse monoclonal antibodies to cyclin D1 in this assay, and modification of the reaction conditions to eliminate any background signal, was carried out, and the result is shown in Fig. 3a . The control DCS-6 antibody recognizing only the cdkfree form of cyclin D1 (34) did not coprecipitate any pRb kinase activity from extracts of exponentially growing MCF-7 or BT-549 cells, whereas both 5D4 and DCS-11 antibodies, known to recognize also the cdk4-bound cyclin D1 (34), VOL. 16, 1996 MITOGENIC PATHWAYS CONVERGE ON CYCLIN D-cdk-pRb 6919
at Penn State Univ on February 6, 2008 mcb.asm.org brought down active complexes from extracts of MCF-7 but not of BT-549 cells (Fig. 3a) , the latter being a control Rbdeficient breast cancer cell line expressing a high level of the p16 inhibitor and no detectable cyclin D1-cdk complexes (33, 52) . The pRb kinase activities measured in MCF-7 cell extracts at 4-h intervals between 0 and 20 h of mitogenic stimulation are illustrated in Fig. 3b . The cyclin D1-associated kinase activity rose faster in the estradiol-stimulated cells, reaching a plateau level at 12 h, while in the EGF-stimulated cultures, the pRb kinase peaked slightly later, at 16 h of mitogenic treatment (Fig. 3b) . The dynamics of cyclin D-cdk activity correlated well with the appearance of hyperphosphorylated endogenous pRb form detected by immunoblotting (data not shown), and the approximately 4-h acceleration upon stimulation with estradiol compared with EGF or serum was highly reproducible in four independent experiments. The differential sensitivity toward lovastatin and the moderately different dynamics of cyclin D1-dependent kinase activation between the signalling cascades initiated from estrogen receptors versus membrane tyrosine kinase receptors indicated that their upstream routes, which eventually activate the cyclin D-cdk holoenzymes, may be distinct. A convenient signal transducing step at which to verify this possibility appeared to be the MAPK involvement in either pathway. As expected, the ERK-2-associated kinase activity toward the MBP substrate showed a biphasic curve in extracts of MCF-7 cells stimulated by EGF (ERK-1 showed similar dynamics but lower overall activity). An initial increase of the activity detected at 10 min after stimulation was followed by a partial decrease and then by a sustained elevated activity for up to 6 h after EGF addition (Fig. 3c) . In contrast, parallel examination of cells stimulated by E2 showed a different activity pattern whose lower and transient initial peak was followed by a rapid decline from which the kinase activity did not recover for the duration of the experiment (Fig. 3c) . Since mitogenic effects, as tested in various model systems, require sustained activation of MAPKs for several hours (45, 72) , our results indicated that the MAPK pathway is not required for the estradiol-induced commitment to DNA synthesis in MCF-7 cells. This interpretation is also consistent with our finding that microinjection of an expression plasmid (at 100 g/ml) encoding the dominant-negative mutant of MAPKK capable of significantly reducing the MAPK activation (10) did not appreciably interfere with the estradiolinduced cell cycle progression in MCF-7 cells. Thus, whereas the specific inhibition of S-phase entry mediated by the dominant-negative mutant MAPKK was around 40% in cells stimulated by EGF, the effect of the mutant was marginal if any, the inhibition never exceeding 10%, in parallel experiments with E2-stimulated cells.
Taken together, our data demonstrated that the activity of D-cyclin-associated cdks is essential for S-phase entry induced in MCF-7 cells by either growth factor or estradiol treatment and that the two pathways are biochemically distinct. One prediction from these results would be that a selective elevation of cyclin D-cdk complex in the absence of any mitogen might be able to drive the cells into DNA synthesis. To perform such an experiment without the otherwise interfering autocrine growth factors known to be produced by the estrogen-responsive breast cancer cell lines, we took advantage of the zinc-inducible cyclin D1 expression system in the human T-47D breast cancer cell line (49) combined with lovastatin treatment. Titration experiments with increasing levels of zinc sulfate under serum-free, lovastatin-free conditions identified the 30 to 50 M concentration as optimal for induction of cyclin D1 expression and its mitogenic effects (Fig. 4a and  reference 49 ). In medium free from exogenous mitogens, the T-47D cells show a small fraction of S-phase cells, which can be effectively eliminated by addition of 20 M lovastatin (Fig. 4b) . As expected, addition of 2 mM mevalonate reverses the inhibitory effect of lovastatin, while addition of 10% serum in the presence of lovastatin has little effect. The critical experiment was then performed by adding the increasing concentrations of zinc sulfate to T-47D cells in mitogen-free medium in the presence of lovastatin, resulting in a dose-dependent increase of S-phase cells. This result confirmed that even in the absence of estrogen, and under conditions such that the tyrosine kinase receptor-Ras-MAPK pathway is blocked by lovastatin, elevated cyclin D1 is sufficient to overcome the lack of mitogenic stimuli and trigger progression into S phase. genic pathways stimulated either by polypeptide growth factors such as EGF or by cAMP-elevating agents such as the TSH (13, 29) can be studied separately. These two cascades are initiated from diverse classes of receptors, and their distinct biochemical nature is evident from the fact that the tyrosine kinase receptor-mediated, but not the cAMP-mediated, mitogenesis requires activation of the MAPK in these cells (29) .
Cultured primary dog thyroid epithelial cells were synchronized by starvation for 4 days in serum-free medium, followed by stimulation of parallel cultures with various mitogens, and the effect of the GST-p16 fusion protein microinjected in early G1 upon G 1 /S progression was examined by in situ monitoring of BrdU incorporation. Microinjection of the GST-p16 protein, but not of the control protein, prevented S-phase entry of the thyroid epithelium stimulated to proliferate by TSH or forskolin (Fig. 5a ), a cAMP-elevating agent operating through the same pathway as TSH (13, 29) . As expected, the GST-p16 protein inhibited G 1 progression also in parallel cultures stimulated by EGF (Fig. 5b ) and even those costimulated by the mitogenically much more potent mixture of EGF and TSH (Fig. 5c ). Our finding of only partial mitogenic effects of either EGF or TSH-forskolin (either alone or in combination with nonmitogenic levels of insulin) and their additive effects upon proliferation of the primary dog thyroid epithelium (compare the BrdU incorporation rates of the noninjected cells in Fig. 5a to c) is consistent with previous reports on this model system (13, 29) . Finally, confirming that the human p16 protein used in these experiments was able to specifically bind the canine homologue of cdk4, the GST-p16 fusion protein was able to specifically pull down comparable amounts of cdk4 from extracts prepared from either the exponentially growing dog epithelial cell line MDCK or control human MCF-7 cells (Fig.  5d) . We conclude from these experiments that also the cAMPstimulated mitogenic cascade eventually converges with other pathways to positively regulate the activity of cyclin D-associated cdks required for G 1 progression.
DISCUSSION
The principal novel data in this study demonstrate convergence of distinct signalling cascades initiated from three classes of receptors on cyclin D-cdk, thereby significantly strengthening the proposed candidacy of the cyclin D-cdk-pRb-controlled checkpoint as a potential sensor and integrator of diverse mitogenic stimuli with the cell cycle machinery. This hypothesis (60, 61) evolved based on earlier evidence for a G 1 -regulatory function of pRb (16, 66, 67) and on more recent findings that link the D-type cyclins with growth factor-triggered mitogenesis (61) (62) (63) 66) . In fact, one way cyclin D1 gene was cloned was due to its participation in the delayed early response upon mitogenic stimulation of macrophages by colony-stimulating factor 1 (43) . In the macrophage model, colony-stimulating factor 1 is required for continuous expression of cyclin D1 (43) , whose overexpression in turn contracts G 1 and renders the cells less sensitive to growth factor deprivation (49, 54, 55) . Induction of cyclin D expression is also part of the mitogenic responses of various mesenchymal or epithelial cells to serum or defined growth factors such as platelet-derived growth factor, EGF or insulin-like growth factor I (15, 48, 69, 71) and in T lymphocytes stimulated by phytohemagglutinin and interleukin 2 (1). All of these mitogens operate via signalling cascades involving tyrosine kinase receptors and G proteins known to transmit the signals, at least in part, through the Ras-Raf-MAPK pathway (19, 21, 41) . The notion of D-type cyclins as downstream effectors of this pathway is also confirmed by induction of cyclin D1 expression and G 1 acceleration by activated ras or raf oncogenes themselves (32, 68) , and particularly by demonstrations that the cyclin D-cdk function is required for G 1 progression in response to serum growth factors or Ras (3, 37, 54, 58) .
Whereas the functional link between the tyrosine kinase receptor pathways and cyclin D-associated cdks appears well established, little is known about the G 1 -phase effectors of mitogenic signalling cascades triggered by other classes of receptors. For instance, no data are available on the role of D-type cyclins in cAMP-stimulated mitogenesis initiated in some cells via triggering the G-protein-coupled receptors such as the thyrotropin (TSH) receptor (13) . Similar to the cAMPinduced mitogenesis in Swiss 3T3 cells (70) , the cAMP-dependent mitogenic cascade elicited by TSH or forskolin in dog thyroid epithelium does not involve phosphorylation and nuclear translocation of p42 and p44 MAPK at any time during the G 0 -to-S phase transition, in contrast to EGF-stimulated mitogenesis in these cells (29) . These biochemical differences show a clear distinction between these two pathways in dog thyrocytes, further supported by the fact that TSH induces both proliferation and differentiation whereas EGF leads to proliferation and loss of differentiation (13) . Our present results show that the p16 inhibitor of cdk4/6 blocks G 1 progression induced by either EGF or cAMP-elevating agents, implying that both the EGF-dependent and the cAMP-dependent mitogenic cascades converge on a downstream step whose execution requires the activity of cyclin D-dependent kinases. Our data also help clarify the presently conflicting views of the molecular events involved in the mitogenic cascade elicited by estrogens. The alternative explanations proposed so far include direct transcriptional regulation via ligand-activated estrogen receptors binding to specific response elements of the target gene promoters, stimulation of autocrine growth factor production eliciting indirect effects via membrane tyrosine kinase receptors, or molecular cross talk between estrogens or their receptors and tyrosine kinase receptor pathways (references 7 and 47 and references therein). Recently, two seemingly opposing reports on the potential involvement of MAPK activation in estrogen-stimulated mitogenesis in MCF-7 cells were published. Migliaccio et al. (47) concluded that estradiol stimulates the Ras-Raf-MAPK pathway with similar kinetics as the polypeptide growth factors operating via the membrane tyrosine kinase receptors, implying that estrogens activate mitogenesis through this cascade. On the other hand, Bonapace et al. (7) found no detectable activation of the MAPKs and concluded that estradiol-induced mitogenesis in MCF-7 cells is totally independent of the Ras-Raf-MAPK pathway. We believe that our present data can reconcile these discrepancies. Our results show that estradiol does activate the MAPK in MCF-7 cells but only very transiently, without the sustained kinase activity which is a prerequisite for their mitogenic effect in other receptor-ligand systems or v-src-dependent mitogenesis (45, 72) . The initial moderate activation of the MAPK activity was not seen by Bonapace et al. (7) due to a long interval between estrogen addition and the first time point examined, but these authors were right in concluding that the estradiol-driven mitogenesis is largely MAPK independent. Our data are consistent with the notion that polypeptide growth factors and estradiol elicit mitogenic responses in MCF-7 cells via two distinct signalling cascades, the former sensitive to lovastatin and dependent on MAPK activation and the latter bypassing both the lovastatin-sensitive step and requirement for MAPK activity.
Regardless of the upstream components involved, previous results showing increased cyclin D1 expression following progestin treatment (48) and correlation of antiestrogen-induced inhibition of proliferation with decreased activity of cyclin Dassociated cdks (65) suggested a possible role for these G 1 regulators in mediating mitogenic action of estrogenic hormones. While this report was in preparation, two groups reported stimulation of cyclin D-associated kinase activity by estrogens, thus independently confirming one of our present experiments (2, 14) . On the other hand, some of these effects might have been influenced by the autocrine polypeptide growth factors known to be secreted by the breast cancer cell lines, and the critical issue as to whether cyclin D-associated cdks are indeed required for estrogen-induced cell cycle progression has not been examined as yet. Both of these uncertainties are directly addressed by our present study, by using lovastatin to eliminate any potential mitogenic effects of the autocrine growth factors produced by the MCF-7 cells (see also reference 7) and by directly demonstrating that either neutralization of cyclin D1 or inhibition of cdk4/6 by p16 blocked the estradiol-stimulated cell cycle progression in G 1 . These experiments showed that the cyclin D-cdk activity is an essential downstream component of the estradiol-dependent mitogenic cascade and the one on which the biochemically distinct pathways triggered by either polypeptide growth factors or estrogens converge to promote commitment to proceed through the late G 1 checkpoint. The key role of this cyclin in the late G 1 commitment process is also documented here by its ability to promote the S-phase onset when selectively expressed upon zinc induction in T-47D cells in the absence of upstream signals from estrogen receptors and prevented from growth factor-induced mitogenesis by lovastatin.
Overall, the data obtained in this study provide further support for the emerging candidacy of the cyclin D-cdk-p16-pRb interplay for its involvement in the restriction point machinery (4, 61, 63, 66) . This G 1 checkpoint mechanism fulfills the criteria originally proposed by Pardee (51) for the R-point switch (4, 34, 61, 63, 66, 73) , including its role as a growth factor sensor, its execution in mid-to late G 1 , positive regulation by a labile component, and its common deregulation in oncogenesis. Apart from its molecular identity, another feature which was impossible to predict based on the original operational definition of the R-point concept (51) is the unexpected degree of complexity of this regulatory mechanism. Thus, the accumulating evidence implicates at least the multigene families of D-type cyclins and cdk inhibitors, together with cdk4, cdk6, and their pRb substrate, as the core components of this G 1 checkpoint control identified thus far (4, 9, 18, 57, 62, 63, 66) . More comprehensive discussions of the role of pRb phosphorylation and its regulation by various cyclin-cdk complexes and cdk inhibitors can be found in recent review articles (4, 62, 63, 66) . It is, however, likely that the list of additional regulators operating downstream (12, 22, 39, 66) and especially upstream of this central step, as suggested also by the present study, will be considerably longer. The challenge ahead is to understand the molecular basis of this core mechanism and its links with the incoming upstream cascades, which should greatly help us appreciate the global involvement of this checkpoint in switching between alternative cellular fates and as an emerging obligatory target in multistep oncogenesis.
